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Spark Discharge: Application 
Multielement Spectrochemical Analy 

John P. Wal 

The sudden discharge of energy stored 
at high voltage in a capacitor is common- 
ly called a spark discharge. If one ob- 
serves such a discharge across a pair of 
separated electrodes, the phenomenon 
appears to consist of a single, somewhat 
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irregular event. But such is not the case. 
Rather, an orderly collection of many in- 
teracting events comprises the dis- 
charge. The events may be controlled in 
many ways. Taken collectively, they 
constitute a process of energy dis- 
sipation which may be called spark dis- 
charge. One by-product of spark dis- 
charge is emitted light. 

Spark discharge is intrinsically inter- 
esting as a process. It also has demon- 
strated practical utility, in that the in- 
tensity and wavelength distributions of 
the light emitted during spark discharge 
are related to the elemental composition 
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about tenfold from its present 1/2 per- 
cent of the amount present to allow, for 

to example, analysis of relatively expensive 
major alloying elements (Ni or W). This 

rsis advance could provide improved control 
of melt compositions during alloy refine- 
ment at optimum economy, and with 

lters closer conformity to chemical specifica- 
tions. 

With improved performance in spec- 
trochemical analysis, better and ex- 

odes. Analytical panded uses of the chemical data should 
discharge proce- follow. It is reasonable to expect more 
quantitative de- use of compositional data in the econom- 

ments present in ic management of raw materials, in or- 
es. The method ganizing factory operations to give opti- 
fility as a routine mum use of furnace energy, and, with 

other controls, to predict the final me- 
chanical properties of an alloy at the 

ergy dissipation, pouring stage rather than after it has 

to predecessor been made and can no longer be 

?ectral resolution changed. Although these are real and im- 
imetry about the portant reasons to try to improve spec- 

is between the trochemical performance, the key to 

impled from the such progress is not instrumental but 

r outward. Light rather chemical. With spark sampling 

in excited states and excitation, the questions that need 
a toroidal struc- answers are not how to make a more pre- 
ionization, and cise spark source, but rather, how light is 

s responsible for generated during spark discharge, and, if 

sis based on the the responsible phenomena are under- 
ffects, and sim- standable, how they can then be more 

precisely controlled at the atomic level. 
Observation, sorting, and control of the 
physical and chemical events comprising 
the process of spark discharge, for the 

uality control of express purpose of improved spectro- 
articularly rapid; chemical analysis, form the basis of the 
e determined si- information I report here. 
n 60 seconds on 
r analysis simply 

The Spark Discharge Process 
lytical method is 
is economically Spark discharge is composed of a sur- 
approaches, its prisingly large number of component 

leed of improve- events. For clarity, they are grouped in 
needs to be in- Fig. 1 into categories numbered in order 
ld from the cur- of the time sequence in which the events 
irts per million; occur during discharge. Perhaps more 
J make possible J make possible The author is professor of chemistry at the Uni- 
)le, minute but versity of Wisconsin, Madison 53706. 

787 



important than the number of events is 
the fact that their interaction is cyclic. 
The properties of one spark may strongly 
(or weakly) determine the properties of 
the next, and that of the next, and so on. 
It thus is difficult to describe the proper- 
ties of one spark as typical or fundamen- 
tal. I describe instead one or another 
member in a time-connected sequence of 
individual discharges (called a spark 
train). The chemical aspects, or appear- 
ance, of any selected member may be 
very much influenced by its time relation 
to its predecessors. 

The events composing spark discharge 
fall into three classes. The first includes 
those that allow current to pass between 
the electrodes. These events consist of 
the formation of an electrically con- 
ductive path or bridge between the elec- 
trodes (block 1), connection of the ends 
of the path to specific points on the elec- 
trode surfaces (block 2), and then con- 
duction of current at low resistance 
along the path (block 6). At atmospheric 
pressure, the path is visibly well defined 
and is termed a channel for current con- 
duction. The balance of electrical charge 
(positive and negative) is kept equal 
along most of its length, until the elec- 
trode surfaces are approached. Space 
charge imbalances then arise, with the 
negative cathode showing a higher sur- 
face environment of positive ions than 
the anode. It is customary to consider 
the events in this first class as con- 

stituting "a spark." However, such a 
spark would do little practical work, and 
other classes of events must also be con- 
sidered. 

The second class includes those 
events that cause light that can be used 
for analysis to be emitted from the space 
between the electrodes. These consist of 
the conversion of a portion of the solid 
electrode surface to a vapor (block 3), 
movement of the vapor away from the 
immediate electrode surface into the re- 
gion between the electrodes (block 5), 
and chemical reaction of the vapor with 
other reagents (block 7) to cause it to 
emit a discrete line spectrum (block 9). 
This class of events is of consequence 
for analysis but of presently unknown 
importance in determining the electrical 
properties of spark discharge. This im- 
portance will depend upon the chemistry 
that is occurring in the third class of 
events, all those events that determine 
the environment remaining between the 
electrodes after current conduction 
ceases (block 11). 

The time between individual dis- 
charges in a spark train, or the repetition 
rate, is usually controlled by the hard- 
ware (1). So is the amplitude of the cur- 
rent conducted by the spark channel as a 
function of time (2). At atmospheric 
pressure, the diameter of the spark chan- 
nel increases with increasing current 
(current is conducted at approximately 
constant density in the channel). The 

Fig. 1. Block diagram of the process of spark discharge. 
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types of products and their concentra- 
tions in the postdischarge environment 
are determined, at least in part, by the 
overlap in spatial volume between the 
spark channel and moving electrode va- 
por. Moreover, if the products are still 
present when the next spark in the train 
is caused, they will influence the direc- 
tion taken by the channel between the 
electrodes for the next spark. This inter- 
action will determine what new vapor- 
channel processes will occur, and a cycle 
will be established between the events in 
blocks 11 and 1, linked by the hardware 
in block 12. It follows that the degree of 
interaction of the events in the central 
blocks of Fig. 1 will determine in part 
how the chemistry of sparks in a time- 
connected train influences the light emit- 
ted for chemical analysis. 

Two important criteria for chemical 
analysis of the electrodes are the accu- 
racy and sensitivity of the method. Be- 
cause of the large number of events com- 
prising spark discharge, it is necessary to 
prepare calibration graphs relating the 
concentrations of the impurities or al- 
loying components in the electrodes to 
the light intensity in a particular spectral 
line. The method of analysis is based on 
a comparison of line intensities from un- 
known samples with these calibration 
graphs (3). In order for this approach to 
succeed, the intensity-concentration re- 
lation must remain stable over the time 
between calibration and analysis. In 
view of the complex chemistry of spark 
discharge, such stability is not readily 
achieved. Thus, the accuracy of the anal- 
ysis may be directly traced to the pre- 
cision (repeatability) of the many events 
shown in Fig. 1. 

The accuracy is also affected by the re- 
lation between the portion of the sample 
that was converted to vapor and excited 
to emit light and the whole-sample com- 
position. The attack of the electrode by 
the spark is superficial, and then only of 
consequence for the cathode (4). The 
sample actually selected for analysis 
(block 4) is determined in part by the lo- 
cation of the cathode space charge 
(called the cathode "spot") on the elec- 
trode surface (block 3). Ironically, the 
accuracy of an entire analysis may be de- 
termined by a factor so seemingly in- 
significant as a draft in the chamber hold- 
ing the electrodes. Such a draft may 
cause a series of sparks to wander to a 
spot on the cathode surface that is local- 
ly heterogeneous in a particular alloying 
element. 

The sensitivity is also related to the re- 
peatability of the events in Fig. 1. Usual- 
ly, the lowest concentration of an ele- 
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ment that can be reliably determined by 
this method (called the "limit of detec- 
tion") is not set by the total amount of 
light emitted in the spectrum of that ele- 
ment. Instead, it results from the inabili- 
ty to distinguish changes in the contin- 
uous noise (or spectral background) from 
changes in the line intensity due to con- 
centration changes in the electrode. This 
difficulty is compounded by the chem- 
istry of spark discharge. The background 
noise originates largely from the inter- 
action of the sampled electrode vapor 
with the spark channel as the vapor 
moves into the spark gap at high velocity 
(block 8). However, the radiation com- 
monly used for analysis occurs after this 
interaction, as the ions in the moving 
electrode vapor recombine with free 
electrons and relax back to low-energy 
excited electronic configurations (blocks 
9 and 10). In some cases, the spectral 
lines are even detected in different spa- 
tial regions from those emitting the back- 
ground noise. Because two completely 
different sets of chemical conditions and 
reactions control these two signals, fluc- 
tuations in one may show only marginal 
correlation to fluctuations in the other 
(5). Unless one can minimize these fluc- 
tuations by making the chemistry caus- 
ing the signals precisely repeatable, the 
sensitivity will be reduced. 

My students and I have observed 
much, if not most, of the chemistry pre- 
sented in Fig. 1 [see also (6) for a partial 
review of the work of others]. I would 
emphasize that any chemical event may 
be influential to varying degrees for dif- 
ferent elements in a host (matrix) elec- 
trode. Thus a large number and variety 
of analyzed comparison standards must 
be available for calibration in analysis. 
Often, the composition of the standards 
must be very close to that of the un- 
knowns, which is an inconvenience for 
those who make the standards as well as 
for those who use them. Clearly, experi- 
mental control of the chemistry of spark 
discharge would be beneficial even if it 
did little more than improve the accuracy 
and sensitivity of the analysis carried 
out, and at the same time reduce the 
number of calibration standards required 
(7). 

I will describe more specifically those 
chemical aspects of spark discharge we 
either have controlled in our work or feel 
now need to be controlled since they in- 
fluence the radiation used in multi- 
element spectrochemical analysis. In 

Experimental Tools 

To observe and identify specific chem- 
ical events active in spark discharge, we 
found it necessary to build instru- 
mentation for the spatial, temporal, 
and spectral examination of the light 
emitted, absorbed, or refracted in the re- 
gion between the electrodes (8). At the 
same time, we devised means for causing 
all discharges in a train to follow a pre- 
dicted and repeatable path between the 
electrodes. Precisely triggerable spark 
sources that did not electrically interfere 
with sensitive measurement and control 
electronics were also built. 

To optically obtain spatial resolution 
in the spark gap at the submillimeter lev- 
el, pairs of parabolic mirrors were ar- 
ranged to cancel image aberrations (9). A 
spatial resolution of 0.03 millimeter at a 
magnification of unity was obtained. 
With one of the mirrors rotating at 3600 
revolutions per minute, we achieved a 
time resolution of or exceeding 0.1 mi- 
crosecond (10). A variety of grating 
spectrometers (typical resolution, 0.1 
angstrom) were incorporated into the op- 
tical systems. In one case, the imaging 
and time-resolving optics were made an 
internal part of the spectrometer (11). 
Resolutions of this order are necessary 
to separate interacting events during 
spark discharge, since a typical electrode 
separation is only 2 to 3 mm and complex 
emission spectra may change rapidly as 
little as 0.1 to 0.3 mm away from the 
cathode surface (12). 

We achieved full experimental control 
over the time separation between indi- 
vidual discharges in a train by using a 
digital computer to trigger a hydrogen- 
thyratron switch in one type of spark 
source (13). In another type that used a 
quarter-wavelength transmission line for 

Fig. 2. Stable 
(A) and unsta- 
ble (B) spark 
discharge. 

high-voltage production (14, 15), pre- 
cision pulse-generators sufficed. We ad- 
justed the spark current by shunting the 
spark gap with a high-voltage diode (16) 
and splitting the current between the 
spark and diode paths with a variable in- 
ductor (17). With careful component lay- 
out [see, for example, (1, 13)] in these 
sources (and with the use of simple elec- 
trical wiring) we were able to remove the 
last annoying traces of electrical inter- 
ference with the adjacent control elec- 
tronics. 

By following a guideline of Thackeray 
(18), we were able to locate and stabilize 
the spark paths. A gas flow-jet surround- 
ing a W pin anode (19) directed a circular 
stream of Ar between the electrodes. 
This stream defined the spark channel lo- 
cation through preferential ionization in 
the Ar path resulting from collisions of 
electrons with high-energy, metastable 
Ar 3P0, 3P2 states (20, 21). We were able 
to confine the movement of the cathode 
spot to 0.2-mm tolerances by preventing 
any changes in current direction during 
each discharge (22). Slow rotation of 
carefully machined cathodes, absorption 
of sharp sound waves, and prevention of 
massive electrode erosion from high 
spark currents also were required. By 
carrying out all the steps described 
above, we were able to keep spark loca- 
tions stable at submillimeter tolerances 
for up to 2 hours of continuous operation 
at up to 10,000 sparks per second. 

One can develop a feeling for the sta- 
bility appropriate for the fundamental 
observation of spark discharges from an 
examination of Fig. 2. One oscillatory 
discharge with four full current reversals 
in still N2 is shown in Fig. 2B. Seventy 
controlled discharges with unidirec- 
tional, transient-free current in flowing 
Ar are shown in Fig. 2A. 

this description, I will focus on blocks 1, 
5, 7, 9, and 11 (Fig. 1), since our knowl- 
edge of the events comprising them is 
most defined. 
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Light Emission 

Once a train of discharges has been 
positionally stabilized, the light emitted 
from any one of the discharges reveals 
striking order and regularity (23). Most 
of the emission resides in line spectra ra- 
diated from ions of the vapor (charged + 
and 2+) sampled from the cathode. The 
order (or topography) unfolds in time 
and space as the vapor moves vertically 
away from the electrode surface and ra- 
dially outward from the spark channel. 

The most pronounced character of the 
emission topography is the spatial (and 
temporal) separation of light between 
ionized and un-ionized species in the va- 
por. Figure 3 shows a partial sample of 
the spatial-temporal emission topogra- 
phy of a selected set of spectral lines 
photographed by Goldstein (24). The 
emission was detected in an isolated cy- 
lindrical region with a height of 0.05 mm 
and a maximum diameter of 5 mm, lo- 
cated 0.05 mm away from a Cu cathode. 
The term "radial displacement" means 
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distance outward, along a radius, from 
the straight spark channel that is con- 
ducting current between the vertical, 
spark-gap electrodes (25). "Line den- 
sity" is a logarithmic measure of the 
amount of blackening on the photograph- 
ic plate used to record the spectral line 
emissions at the designated times after 
the start of the spark discharge current. 
It is approximately proportional to the 
amount of light emitted in the designated 
spectral line. 

At any-one time (viewing down a verti- 
cal column in Fig. 3), the light from more 
energetic or more highly ionized vapor 
species is structured in an oxbow or 
dumbbell shape near the center of the 
spark channel. The peak in the radiation 
from Cu2+ (Cu III line, trace C) is closer 
to the channel center than that from Cu+ 
(Cu II lines, traces D and E). That from 
Cu+ is closer to the channel center than 
that from un-ionized Cu atoms (Cu I 
lines, traces F, G, and H). The more en- 
ergy stored in a particular vapor species, 
the more light detected in regions close 
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to the channel compared to away from it 
(compare trace D with trace E, trace F 
with trace G). The pattern is maintained 
and becomes more pronounced as time 
elapses (compare the columns from left 
to right in Fig. 3). 

I interpret the patterns in Fig. 3 to be 
the effects of chemical reactions between 
the moving electrode vapor and the cur- 
rent-conducting spark channel. The re- 
actions appear to begin for high-current 
sparks (> 50 peak amperes) within 0.1 mm 
displacement from the cathode surface. 
Here the first light detected (< 0.1 mi- 
crosecond from the first current) in vis- 
ible and ultraviolet wavelengths (8000 to 
2000 A) is in the ionic spectrum of the 
electrode material. Thus Al first radiates 
Al1 lines, Cu Cu+ lines, and Zn Zn+ 
lines. 

As the electrode vapor moves away 
from the cathode surface (< 0.3 mm dis- 
placement), light is emitted in the more 
ionic spectra, for example, A12+, and 
from more energetic states of a particular 
ion (26). The trend, although occurring 

7.0 usec 

I--AfI---vI Tt r- 

-T-r-rT I, 

a ~~~~~~T, Tr 

0 1 2 2 1 0 1 22 1 0 1 2 

Radial displacement (mm) 
Fig. 3. Spatial and temporal topography of spark emission from selected spectral lines of Cu and Ar detected 0.05 mm from a Cu cathode. 
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rapidly and over small distances, is quite 
regular. Upon complete traversal of the 
cathode space charge, the electrode va- 
por is emitting line spectra from high-en- 
ergy states in multiply charged ions. The 
vapor appears to originate from a small 
electrode area (< 0.2 mm in diameter) 
directly beneath the cathode space 
charge. When clear of the ion-rich space 
charge, the vapor cloud has not ex- 
panded in volume significantly. Thus, 
the emission from the most energetic, 
most highly ionized species of the vapor 
starts in direct spatial coincidence with 
the spark channel. 

As the vapor moves farther away from 
the cathode, its volume (as detected by 
its emission) appears to increase. I inter- 
pret this as primarily a thermal effect 
(27), although contributions from the 
magnetic field surrounding the spark 
channel are not discounted. This expan- 
sion removes progressively larger frac- 
tions of the moving vapor from immedi- 
ate contact with ions of the current-con- 
ducting channel (principally Ar+ and 
Ar2+). Reactions influencing almost all of 
the vapor when in the space charge then 
act upon a smaller relative proportion of 
it. Relaxation from high to low electronic 
energy occurs, with radiation following 
an orderly, cascading type of pattern be- 
tween progressively lower energy, less 
excited electronic states. Since the vapor 
continues to move during the time re- 
quired for a sufficient number of ions to 
emit a detectable spectrum, the spectral 
lines appear with the spatially distinct to- 
pography shown in Fig. 3. 

Eventually, some unknown fraction of 
the relaxed vapor ions recombines with 
an electron. It would appear that the re- 
actions are of the form (28): 

A12+ + e- + e- < (A1+)* + e- 

Cu2+ + e- + e- - (Cu+)* + e- 

with the products first forming in only a 
few highly excited electronic states. 
These excited products then relax in a 
cascading manner, such that the light 
they emit while so doing is arrayed in 
spatially distinct rings or shells about the 
spark channel. 

The portion of vapor remaining in 
physical contact with the spark channel 
appears to be progressively reexcited as 
it moves farther from the cathode. Gold- 
stein detected little, if any, line emission 
from the channel regions before the elec- 
trode vapor passed the region of obser- 
vation (24). Then, a moving front of light 
composed of both channel and vapor 
spectra was detected. Spatial, temporal, 
and spectral analysis suggests that this 
light originates from the exchange of 
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charge and potential (electronic) energy 
between channel ions (for example, Ar+ 
and Ar2+) and moving vapor ionized ear- 
lier while passing through the cathode 
space charge. Reactions of the type 

Cu+ + Ar2+ <? Cu2+ + Ar+ 

and 

Cu+ + (Ar+)* <?_ (Cu+)* + Ar+ 

are examples we have investigated (29). 
Unfortunately, the exact reaction 

paths are still elusive. The puzzle re- 
mains to be unraveled, in part because of 
the large number of possible com- 
binations of excited reactants and prod- 
ucts that are expected on the simple 
grounds of conservation of total energy 
(kinetic and potential) in the reaction. In 
computer simulations, several thousand 
likely combinations were revealed for 
just the reaction of Cu+ with (Ar+)*. The 
problem is complicated by the difficulty 
of isolating emission from a set of reac- 
tants before (or just as) they first react. 

Similarly, the cathode space charge is 
so small, and reactions therein occur so 
rapidly, that it is difficult to determine 
what is happening. A few analyses that I 
carried out [see, for example, (26)] in- 
dicated that the exchange of energy be- 
tween space-charge ions and freshly 
sampled electrode vapor could occur 
through reactions similar to those in the 
spark channel, for example, reactions of 
the form 

Ar+ + Cu ? (Cu+)* + Ar 

or 

Ar2+ + Cu+ <:_ (Cu2+)* + Ar+ 

or 

Ar+ + (Cu+)* <?- (Cu2+)* + Ar 

The last type of reaction is particularly 
interesting and appears to occur to some 
degree for Al electrodes. It could ac- 
count for the high ionization and excita- 
tion exhibited by electrode vapor in tra- 
versing the space charge. 

Although the total amount of energy 
transferred to most of the electrode va- 
por in traversing the full space charge is 
relatively large (- 80 to 100 electron 
volts), I suspect that this energy transfer 
is accomplished by the progressive accu- 
mulation and storage of smaller amounts 
(- 5 to 10 ev). Such processes are 
known from other experiments (30) and 
have been termed stepwise or staircase 
excitation (or ionization). 

Staircase ionization does not require 
the sudden transfer of large amounts of 
either kinetic or potential energy be- 

tween space-charge ions and moving 
electrode vapor species. Instead, what is 
required is a large number of sequential, 
rapid, low-energy exchanges with the 
products of one exchange serving as the 
reactants for the next. To be a con- 
sequential ionization mechanism, the in- 
termediate (excited) energy states of 
product atoms (or ions) would have to 
store the reaction energy for enough time 
to serve as stable reactants for the next 
encounters. Although the times between 
collisions in the cathode space charge 
are not known, my experiments with Al 
and Cu electrodes indicate that staircase 
ionization is an important factor (26). 
The process is compatible with the low- 
potential drops (< 100 volts) Coleman 
and I have measured across the elec- 
trodes of a spark gap (2 to 7 mm) in Ar 
(31). 

Light Absorption 

We detected the topographical infor- 
mation in Fig. 3 by viewing the dis- 
charges from a "side-on" direction, that 
is, at right angles to the vertically orient- 
ed spark channel. The emitted light had 
to pass through the outer regions of the 
cylindrical discharge volume before de- 
tection. It is to be expected that some ab- 
sorption of some line emissions would 
occur as a consequence, perhaps estab- 
lishing the basic spatial profile or shape 
of some of the emission lines. 

Scheeline and Walters have investi- 
gated by computation (32) some basic ef- 
fects of light absorption by species in the 
outer zones (radial wings) of the spark 
volume. From these studies, we were 
somewhat surprised to learn just how se- 
verely relatively small amounts of pre- 
dicted absorption could distort the spa- 
tial profile of an emission line. 

It is predictable that absorption would 
simply reduce the amount of light de- 
tected. However, it is the arrangement of 
the absorbers in a cylindrical ring around 
the (inside) emitters that causes the ab- 
sorption to alter the detected spatial 
shape of the emitted light. When viewed 
from the side, more absorbers lie away 
from the spark channel than in line with 
it. The oxbow emission shape of a line 
(for example, Fig. 3, trace H) is detected 
as more centered and less peaked (for 
example, Fig. 3, trace C) when absorp- 
tion occurs than when there is no absorp- 
tion. 

Since much insight into the chemical 
aspects of spark discharge can be ob- 
tained from the relative spatial shapes of 
emission lines, any events that can 
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change their shapes are of interest. An 
example is the rather abrupt cessation of 
detectable emission from low-energy 
lines of the electrode vapor. Goldstein 
(24) has photographed this process for 
Cu, Ag, and Au. It occurs at distances of 
1 to 2 mm away (radially) from the center 
of the spark channel (see Fig. 4 for vapor 
sampled from a Cu cathode). 

It is logical that an outer, cylindrical 
shell of absorbers would confine the low- 
energy emission to spatial regions coaxi- 
ally arrayed along the spark channel. 
The expected absorbing species would 
be simply nonexcited, nonradiating 
forms of the emitters. When a Cu cath- 
ode was sparked, neutral Cu atoms were 
first suspected (neutral Au atoms would 
be suspected for a Au cathode). Gold- 
stein's spectroscopic searches for Cu 
absorbers produced initial negative 
results. Rentner et al. (33) recently 
detected partial absorption from neutral 
Cu atoms. 

However, large amounts of absorption 
were detected in Mg by Coleman and 
Walters (34) and Klueppel and Walters 
(35). The absorption was so severe that 
transmission of light from the channel 
through the outer wings for a few lines 
was completely blocked, producing a 
phenomenon known as spectral line self- 
reversal. The most surprising aspect of 
this phenomenon was not the reversal 

(36), but rather that it occurred from ion- 
ized and excited absorbers that appar- 
ently were located in the outer wing re- 
gions of the spark gap. 

Figure 5 shows a partial segment of a 
spatially and temporally resolved spec- 
trum (photographed by Klueppel) in 
which these reversals appear. The radial 
displacement is measured outward, sym- 
metrically from the center of the spark 
channel (marked "zero"). Spectral line 
self-reversal is first detectable in the low- 
est energy electronic state of Mg+ (the 
2S1/2 ground state) starting at the point 
where the oxbow-shaped emission is a 
maximum, at about 0.5 mm away from 
the spark channel center (lines A and B). 
Reversal in the lines of the first excited 
state is first detected, surprisingly, far- 
ther outward, where intuitive expecta- 
tions would suggest a cooler environ- 
ment containing less, not more, excited 
species (lines C and D). 

The spectroscopic picture must, how- 
ever, be interpreted carefully, since it 
differs from what a thermal equilibrium 
model would suggest (37). Consideration 
must be given to the manner in which the 
spectra were photographed (38). For ex- 
ample, the detected spatial separation of 
the reversals in excited and ground state 
ion lines may arise from physical (spa- 
tial) separation of the absorbing species, 
or it may result from differences in the 

number of excited states and their rela- 
tive absorptivities in a common spatial 
region. In order to sensibly differentiate 
between these possibilities, one would 
need a knowledge of the spatial distribu- 
tion of possible chemical reactants that 
could produce excited states in cool dis- 
charge regions, as well as computer sim- 
ulations (39) that predict how absorption 
and emission would appear in our experi- 
mental arrangement. We have carried 
out studies with refracted light as part of 
this investigation, the first results of 
which follow. 

Light Refraction 

The absorption data in Fig. 5 must be 
analyzed in terms of the number of po- 
tential absorbers left in the space be- 
tween the electrodes from earlier dis- 
charges, as well as after current ceases in 
an isolated, emitting spark. The spatial 
distribution of such postdischarge prod- 
ucts may be detected in refraction exper- 
iments after a train of discharges has 
been positionally stabilized. 

Hosch (40), Klueppel et al. (41), and 
Rentner and Walters (42) have observed 
structure, order, and regularity in the 
postdischarge environment between re- 
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Fig. 4. Spatial and temporal topography of spark emission from the Cu neutral-atom line at 
3274.0 A at selected distances from a Cu cathode electrode; the distances [shown in (A)] are: 1, 
cathode surface; 2, surface + 0.20 mm; 3, surface + 0.40 mm; 4, surface + 0.75 mm; 5, surface 
+ 1.00 mm; 6, surface + 1.25 mm; 7, surface + 1.50 mm; and 8, surface + 1.95 mm; anode- 
cathode separation, 2.00 mm. 
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Fig. 5. Excited and ground state, ionic-ab- 
sorption spectra detected at 0.100 mm from a 
Mg cathode sparked in Ar at 1.6 Fsec after the 
first current. Lines are spatially resolved 
(+ 0.02 mm) in the radial dimension relative 
to the vertical spark channel (0 mm dis- 
placement). Lines shown are: 

A = Mg II, 2795.53 A, 3p 2P3/2 - 3s, 2S1/2 
B = Mg II, 2802.70 A, 3p 2P112 -- 3s, 2S112 
C = Mg II, 2790.79 A, 3d 2D312 - 3p, 2P?,2 
D = Mg II, 2798.00 A, 3d 2D52 - 3p, 2P/2 
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petitive discharges. They did this by 
photographing the refraction of light pro- 
duced by a nitrogen laser (43) as it 
passed through the electrode space 
(schlieren effect) with an apparatus fabri- 
cated by Hosch and Walters (44). The 
photographs are time-resolved (about 0.1 
/xsec) by the pulsed nature of the laser. 
Light emission from the spark is blocked 
by an interference filter that passes main- 
ly the 3371-A laser light. The laser is 
electronically fired before, during, or af- 
ter one selected spark in a repetitive 
train; this procedure makes possible 
stroboscopic display of the discharge en- 
vironments before, during, and after the 
spark. I report on only the last here. 

The most pronounced postdischarge 
feature detected in refracted light is a 
toroidally shaped structure that sur- 
rounds the location previously occupied 
by the spark channel. It is observed in 
still or flowing Ar, N2, or air, for Al, Cu, 
or Mg electrodes, when high-current 
(> 50 peak amperes) sparks occur. It 
was not detected in our first experiments 
with low-current, short-duration sparks 
in He. The structure forms out of the 
spark channel, spatially unfolding in time 
much like the mushroom cloud in a nu- 
clear detonation (45). Figure 6A shows 
one time-resolved schlieren picture of a 
fully developed toroidal structure. Of 
particular interest is the effect this toroi- 
dal structure has on the optical aspects 
of spark discharge when one discharge is 
timed to form inside the products left 
from a predecessor (Fig. 6, B and C). 

If one spark occurs inside the post- 
discharge toroid of only one predecessor 
(Fig. 6B), the refracted picture shows an 
interaction between its shock front and 
the toroid. The shock velocity is in- 
creased in passing through the post- 
discharge structure, suggesting that this 
region is hotter than the surrounding at- 
mosphere. Light emitted from the inner 
discharge also would have to pass 
through the structure. Our first spectro- 
scopic investigations with Mg cathodes 
indicate that strong ionic absorption oc- 
curs (35). 

If another spark occurs coaxially in- 
side the postdischarge structures of two 
predecessors (Fig. 6C), light emitted out- 
ward from the inner discharge is very 
weak, with a decided axial spatial struc- 
ture (as in trace C, Fig. 3). Ionic absorp- 
tion is very strong, with a decided off- 
axis radial spatial structure (as in Fig. 5). 
The postdischarge toroids are detected 
in refraction to form a layered structure. 
Mixing does not appear to occur. Deliv- 
ery of fresh Ar coaxially to the past 
spark channel position sweeps away the 
overall structure, with some obvious 
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mixing occurring at longer times (-1000 
to 3000 ,sec). 

We are presently investigating the na- 
ture of the toroidal structure, and the 
physical mechanisms by which it forms 
in our experimental arrangement. Birks 
(46) has suggested that it arises from rap- 
id (possibly radiative) cooling of the hot 
vapor circulating up from the cathode 
along the periphery of the spark channel. 
Were this the case, it would agree with 
the emission data shown in Figs. 4 and 5. 

Coleman and I (34) interpreted our 
first Mg absorption data in the context 
that the toroid (and other parts of the 
postdischarge environment) contained 
large, but unknown, amounts of + 1 ions 
of the electrode vapor. If this is con- 
firmed in continuing experiments, I be- 
lieve that we must also consider that pre- 
cursor species to these ions could be co- 
axially confined around the spark chan- 
nel at earlier times (while current is being 
conducted) by combined thermal and 
magnetic shaping of the moving elec- 
trode vapor ions. 

In light of Klueppel's recent experi- 
ments where the absorption data on Mg 
were radially resolved relative to the 
spark channel (Fig. 5), it appears pos- 
sible that + 1 ions in the postdischarge 
environment could be formed chemically 
from neutral atoms as electrode vapor 
moved through the spark channel bound- 
ary. This possibility could well explain 
the coaxial confinement of neutral atom 
radiation. 

Fig. 6. Time-resolved 
schlieren photographs 
of spark discharge in 
Ar. The upper elec- 
trode is a W pin 
anode; the lower elec- 
trode is a Cu disk 
cathode; electrode 
separation, 2.0 mm; 
Ar flow rate, 0.5 
liter/min. (A) Photo- 
graph made 150 A/sec 
after the first current 
in a pulsating unidirec- 
tional discharge (150 
peak amperes, 50 
/sec); spark train 
repetition rate, 60 
hertz. (B) Photograph 
made 5.5 ,/sec after 
the first current in the 
second spark in a 
burst of five sparks 
occurring once every 
8.33 msec (1197.5 
/.sec after the first 
spark in the burst). 
(C) Photograph made 
5.3 ,sec after the onset 
of current in the fourth 
spark in a burst of five 
sparks (2746.3 /xsec 
after the first spark). -- 

Sense of Direction 

On the basis of our earlier work and 
that of others (47), I picture the spark 
channel as a vertical column of coaxial 
cylinders with the innermost cylinder 
containing the most highly charged ions 
of the plasma gas (for example, Ar2+). 
Moving out from the center, the cylinder 
would contain ions of lesser charge (such 
as Ar+), until the ionic boundary is 
reached. The various cylinders could as- 
sume such an identifiable structure as a 
result of electron-ion recombination 
processes. In view of the pressures in- 
volved, I suspect that these recombina- 
tions also would occur into upper-energy 
(excited) daughter states (48). Gold- 
stein's time-resolved, radially resolved 
emission data (24) are suggestive of such 
processes for Ar. 

Of concern here are not the spectro- 
scopic details of such recombinations 
but rather what their final expected con- 
sequences would be for plasma gases 
such as Ar that are known (21) to have 
metastable, excited energy levels in their 
neutral atom forms. In this case, recom- 
bination of the +1 ion with an electron 
into the upper states of the product atom 
will (by subsequent optical cascades) 
leave some of the product atoms in met- 
astable, energetically excited atomic 
states (49). By occurring in the outer ra- 
dial regions of the spark channel, the ef- 
fect would cause the spark channel to be 
cylindrically wrapped with a long-lived, 
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energy-rich gas sheath. This sheath 
would be chemically reactive toward 
other species moving through it, includ- 
ing the cathode vapor. 

The types and number of chemical re- 
actions that could occur in such a sheath 
also can be estimated if one applies the 
criterion of energy balance between 
products and reactants. The total energy 
transferred in a postulated reaction 
should be conserved, with only a small 
portion being balanced out as a result of 
absorption (sink) or release (source) as 
kinetic energy in the reactants or prod- 
ucts (50). We have used this guideline to 
identify by computation the excited 
states that the reaction products must as- 
sume in order for balance to occur within 
0.5 ev. First considered were excited 
ions of both the plasma gas and the mov- 
ing electrode vapor. For Ar+ as the 
plasma ion and Cu, Ag, or Au as the va- 
por species, we were not able to predict 
what chemical reactions were occurring. 

However, when the cathode material 
was Mg and only metastable (neutral) Ar 
was investigated as the other reactant, a 
clearer picture emerged. Only two types 
of reactions appeared likely, depending 
upon the charge of the Mg reactant. 

If neutral Mg atoms enter the meta- 
stable Ar sheath, only six excited states 
will react with an energy balance of 0.5 
ev or less (over 26,000 possibilities were 
computer-tested). Of these, four form a 
reaction product in only one excited 
state, and the other two give products in 

only three excited states. The reaction is 
an example of the ionization of one atom 
by the transfer of the excitation energy 
of another atom to it in a collision. This 
is called Penning ionization (51): 

Mg? (mixed) + Ar? (3P0, 3P2) _> 

Mg+ (mixed) + Ar? (1So) + e- 

The distribution of the mixed, excited 
states of the Mg? reactant and of the Mg+ 
product (52) is given in Table 1. 

An additional reaction is expected be- 
tween Mg ions and metastable Ar. It is an 
example of sensitized fluorescence (53): 

Mg+ (2S1/2) + Ar0 (3Po, 3P2) -- 

Mg+ (mixed) + ArO ('So) 

The mixed excited states of the Mg+ 
product are also listed in Table 1. Reac- 
tions from Mg+ to Mg2+ are currently 
being examined. 

Of interest are the spectra that are ex- 
pected when the reaction products are 
formed. The lines expected in either 
emission or absorption are listed in Table 
2. The spectra are relatively simple and 
are similar to those we have already de- 
tected and positively identified (54). In 
particular, the radial structure of the 
group of Mg+ lines from 2795 to 2802 A 
(for example, Fig. 5) is providing the im- 
petus for continued spectroscopic line 
analysis, even to the point of measure- 
ment of absolute line intensities. 

If, upon further analysis, it appears 
that the Mg spectra arise from excited 

Table 1. Predicted product and reactant states and energies for ionization or excitation, or both, 
of Mg by metastable (3P0 or 3P2) Ar; 3Po energy = 94553.7 cm-l; 3P2 energy = 93143.8 cm-'; 
both levels reverted to the 'So ground state at 0.0 cm-'. 

Reactant state Reactant Product state Product Ener 
energy* (cm-') energy (cm-') defectt (ev) 

Reaction 1 
Mg, 3s, 'So 0.0 Mg+, 3p, 2P0?12,3/2 35,761 to 35,769 -0.35 

Reaction 2 

MgO 3p,'PO 35,051 f Mg+, 4s,2S,2 69,805 - .41 
Mg+, 3d, 2D512,3/2 71,490 to 71,491 - .44 

Reaction 3 

Mgo, 4s, 3S, 41,197 Mg+, 4s, 2S1,2 69,805 + .36 
Mg+, 3d, 2D5/2,3/2 71,490 to 71,491 + .15 

Reaction 4 
Mg0, 4p, 'PO 49,347 + .02 
Mg?, 3d, 'D2 46,403 M + 2po 862 60 - .17 
Mg?, 4p, 3P0O,, 47,841 to 47,851 /2-.01 to -.16 
Mg?, 3d, 3D,2,3 47,957 +.07 to-.15 

Reaction 5 
Mg+, 5s, 2S /2 92,791 + .04 

Mg, 3s, 2S1/2 0.0 Mg+, 5p,2P01/2,3/2 97,455 to 97,469 - .36 g S, 12 ' Mg+, 4d, 2D512,312 93,311 - .02 
Mg+, 4f 2F0512,7/2 93,800 - .08 

*Reactant and product energies used here were compiled by Goldstein (24) in 1969 from available literature 
sources to eight significant figures. Bashkin and Stoner (52) reported new values differing by ? 0.1 cm-' from 
Goldstein. Only five significant figures are shown here to acknowledge this difference. tWe converted 
from reciprocal centimeters to electron volts by using the conversion factor 8068.32 cm-1/ev. The ionization 
potential of neutral magnesium used was 61,671.0 cm-'. All calculations were done in reciprocal centimeters 
prior to conversion to electron volts. If both 3P0 and 3P2 reactions occur, only the lowest energy defect is 
reported. A minus sign indicates that the reactions supply less total energy than the products consume (endo- 
thermicity). 
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states that are populated by collision 
with metastable Ar, it then remains to 
devise independent diagnostic tests to lo- 
cate the precise spatial and temporal dis- 
tribution of this reactant species. We are 
now adapting some of our instruments to 
this task. Use of a dye laser as a com- 
bined absorption probe and device to al- 
ter excited state populations (bleaching) 
is oL: part of the experiment; we intend 
to make observations in temporally and 
spatially resolved emitted, absorbed, 
and refracted light (55). The combination 
of the Mg+, excited-state line reversals 
and the clear energy balances between 
metastable Ar and only a few excited 
Mg? reactants prompts the exploration. 

Recent work by others (56) indicates 
that ground state Ar+ also may populate 
selected Mg+ states by charge exchange. 
This reaction could provide another cur- 
rent-dependent route for level inversions 
in the Mg II term system. 

Future Work 

The picture of energy transfer present- 
ed here has several practical aspects that 
also give direction to our alloy analysis. 
Some new experiments that we con- 
template require little more than stabili- 
zation of the discharges in a train. Others 
suggest entirely new approaches for 
generating the analytical signal. 

One of the most straightforward ex- 
perimental procedures involves taking 
advantage of the spatial separation be- 
tween emission in low-energy, neutral- 
atom spectral lines and that usually 
classed as noise. Examples of noise 
emission are continuous background 
(Fig. 3, trace A) and lines from current- 
responsive species in the spark channel, 
for example, Ar+ (trace B). For a posi- 
tionally stable discharge, blocking the 
passage of noise emission to an analyz- 
ing spectrometer is done simply with an 
opaque mask and a focusing lens exter- 
nal to the instrument. The mask is sized 
to pass mainly radial (wing) emission 
from low-energy lines (trace H) from the 
discharge to the spectrometer. If all 
emission passing the mask then is spa- 
tially and temporally integrated in the 
spectrometer, the resulting detected 
spectrum is simpler (contains fewer 
lines) and shows higher sensitivity (high- 
er signal-to-noise ratios). 

The first masking experiments by Ea- 
ton (57), using photographic detection in 
the analysis of Al alloys, were encourag- 
ing. Sensitivity improvements of three to 
ten times were obtained for Pb and Cu 
impurities. Presently, experiments with 
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photoelectric detection are being under- 
taken. This approach has the advantage 
that no electronic or optical modifica- 
tions to the spectrometer are required. In 
addition to improved sensitivity, I antici- 
pate less matrix dependency to the ana- 
lytical signal (5), and so fewer standard 
samples will be needed. 

The advantage of exactly stabilizing a 
discharge train suggests an additional an- 
alytical experiment. Most metal alloys 
are locally heterogeneous on their sur- 
face. A wandering spark train provides 
some averaging of such heterogeneity, 
particularly if the emission is spatially 
and temporally integrated. A stable train 
makes it possible for the heterogeneity to 
be monitored, such that statistical map- 
ping of the metallurgy of the alloy sur- 
face is feasible. Rentner et al. showed in 
exploratory experiments on pure Cu (15) 
that the long-term precision of the emis- 
sion from a stable spark train is high 
enough to warrant additional research on 
statistical mapping. The results may lead 
to new uses for spark discharge in pro- 
duction (quality control) applications. 

I interpret the chemical aspects of 
spark discharge as indicating an environ- 
ment of high density but relatively low 
kinetic temperature. Light emission oc- 
curs as a by-product of the first ioniza- 
tion into excited states followed by opti- 
cal cascades and electron-ion recombi- 
nations to relaxed products. Emission is 
altered by further chemical reionization 
and absorption at the channel boundary 
and in the postdischarge environment. 
The processes balance to form a net 
emission signal, which is integrated dur- 
ing analysis. 

The consequences of such a chemical 
balancing for practical analysis could be 
large. On the basis of energy con- 
servation alone, I expect the channel and 
boundary reactions to be different for 
each element in a multielement alloy. 
Prediction of such differences by digital 
simulation will simplify the task of pre- 
paring matrices to accent a few lines in 
the spectrum of a particular element. 
This experiment is under way. At the 
same time Scheeline has begun laborato- 
ry work to cause two dissimilar metal 
plasmas to mix in the postdischarge envi- 
ronment, the intent being to restrict the 
resulting emission or absorption to a 
few known product states. 

The dominance of Penning-type mech- 
anisms at the channel boundaries and in 
the postdischarge environment causes, 
for most alloying elements, product 
states that strongly emit or absorb in the 
vacuum ultraviolet to be populated. If 
absorption dominates, then electrode va- 
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por, in moving out of the spark channel 
and recombining into a state that can re- 
act with metastable Ar, will chemically 
reionize to form a vacuum-ultraviolet ab- 
sorbing sheath around the channel. 
Thus, it may be possible to view spark 
discharge as a light source that absorbs 
in the vacuum ultraviolet (rather than as 
one that emits in the ultraviolet). More- 
over, much of the emission we now ob- 
serve may be the leakage radiation from 
an unexploited, signal-rich reservoir of 
chemical absorbers. 

To explore this possibility, we have re- 
fined our computer control of the time 
between discharges enough to cause one 
to occur inside the postdischarge prod- 

ucts of one or more predecessors (Fig. 6, 
B and C). The resulting structure should 
absorb strongly in the vacuum ultravio- 
let. The instruments to ascertain this, for 
the practical goal of deriving a strong an- 
alytical signal in a few absorption lines 
without attendant emission, are ready. 

Klueppel is now exploring for possible 
population inversions in the post- 
discharge environment. One goal is to 
determine if they exist, and, if so, how 
electrode vapor populations can be ex- 
perimentally adjusted by stimulated 
emission to advantage in a spectrochemi- 
cal analysis. As in our earlier experi- 
ments, our goal is more signal in fewer 
lines (58). 

Table 2. Expected spectra resulting from the Mg+ excited-state population produced by the 
reactions predicted in Table 1. 

Mg+ Reaction Wavelengths* (A) 
excited number expected in product spectrum in in states in 

Table 1 Emission Absorption 

3p, 2P?112,3/2 

4s, 2S1/2 

3d, 2D5/2,3/2 

4p, 2P1l/2,3/2 

3s, 2S 1/2 

1 

2,3 

4 

5 

2,795.53 
2,802.70 

2,790.78 
2,795.53t 
2,798.00 
2,802.70t 
2,928.63 
2,936.51 

1,239.93 
1,240.39 
2,790.78t 
2,795.53t 
2,798.00t 
2,802.70t 
2,926.63t 
2,936.51t 
9,218.25 
9,244.27 
1,025.97 
1,026.11 
1,239.93t 
1,240.39t 
1,734.85 
1,737.63 
1,750.66 
1,753.47 
2,790.78t 
2,795.53t 
2,798.00t 
2,802.70t 
2,928.63t 
2,936.51t 

10,914.23 
10,951.78 

3,613.78 
3,615.58 
3,848.21 
3,850.39 
4,481.13 
4,481.33 
8,213.99 
8,234.64 
9,218.25t 
9,244.27t 

10,914.23t 
10,951.78t 
21,368.91 
21,432.11 

1,248.51 
1,249.93 
1,271.24 
1,273.42 
1,306.71 
1,307.88 
1,308.28 
1,309.44 
1,365.54 
1,367.26 
1,367.71 
1,369.42 
2,329.58 
2,449.59 
2,660.76 
2,660.82 
3,104.72 
3,104.81 
3,613.78 
3,615.58 
2,965.19 
2,967.87 
2,968.02 
2,969.15 
2,971.84 
3,165.88 
3,168.94 
3,172.71 
3,175.78 
3,534.97 
4,013.80 
4,093.90 
4,193.48 
4,534.29 
4,630.88 
4,631.41 
4,739.59 
4,739.71 
5,401.54 
5,434.04 
5,923.37 
5,928.23 
5,938.63 
5,943.50 

1,476.00 
1,478.00 
1,480.88 
1,482.89 
1,734.85 
1,737.63 
1,750.66 
1,753.47 
2,790.78 
2,798.00 
2,928.63 
2,936.51 
3,848.21 
3,850.39 
4,481.13 
4,481.33 
9,218.25 
9,244.27 

10,914.23 
10,951.78 
3,538.81 
3,549.52 
3,553.37 
4,384.64 
4,390.54 
4,427.99 
4,433.99 
8,213.99 
8,324.64 

6,545.97 
8,115.22 
8,120.43 
9,631.89 
9,632.44 

10,092.16 
10,391.76 
10,392.23 
21,368.91 
21,432.11 

*Wavelengths are taken from (52). Lines appearing in both emission and absorption predict reversal situa- 
tions as in Fig. 5. tExpected by optical cascading. Such lines would have radial intensity maxima dis- 
placed from those produced by direct state population or delayed time dependence on the discharge current 
peak. 
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H-Y antigen predicts that presence of 
H-Y should be correlated with presence 
of at least rudimentary testis regardless 
of karyotype or phenotypic sex. From 
this perspective, the genetics of primary 
(gonadal) sex determination is a simple 
matter: In the presence of the gene that 
confers H-Y antigenicity, the indifferent 
embryonic gonad becomes a testis; in the 
absence of this gene, the gonad develops 
as an ovary. But, as the following dis- 
cussion will show, the genetics of prima- 
ry sex determination and of H-Y antigen 
expression is perhaps rather more 
subtle. 
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specifies H-Y antigen (4), and (iii) the 
putative role of cell-surface components 
in the cell-cell interactions of organo- 
genesis (5), we have proposed that H-Y 
antigen is the product of the mammalian 
testis-determining gene (6). 
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test, we have shown that H-Y antigen is 
widely conserved phylogenetically, oc- 
curring in males of all mammalian spe- 
cies so far tested including the human 
(3). On the basis of (i) the evolutionary 
persistence of H-Y structure (which 
signifies conservation of a vital func- 
tion), (ii) the observation that the Sxr 
gene (which reverses the sex of XX mice 
causing them to develop as males) also 
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According to this proposal, H-Y anti- 
gen directs only the initial steps leading 
to differentiation of the bipotential em- 
bryonic gonad as a testis. Further male 
differentiation is imposed on the embryo 
by the action of testicular hormones, 
against the inherent tendency toward the 
female phenotype (7). 

Because secondary male sexual dif- 
ferentiation is conferred by the action of 
testicular hormones, our hypothesis con- 
cerning the testis-determining role of 
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Role of the Y Chromosome in 

Determination of H-Y Antigen 

White blood cells from human males 
with two Y chromosomes (47,XYY or 
48,XXYY) absorb more H-Y antibody 
than white blood cells from normal 
46,XY males (8). By implication then, 
the amount of H-Y antigen on the sur- 
face of a cell is directly related to the 
number of Y chromosomes in the nucle- 
us of that cell. This indicates that a ge- 
netic determinant of H-Y antigen expres- 
sion is on the human Y chromosome, but 
it does not tell us whether the determi- 
nant is a structural gene that specifies the 
primary structure of H-Y antigen or a 
regulatory gene that governs the activity 
of a structural element. The simplest ex- 
planation is that the Y-chromosomal 
H-Y gene is structural, because dosage 
effect in this case is not easily reconciled 
with the existence of a Y-situated regu- 
lator. At present there is no reason to be- 
lieve that the products of supernumerary 
regulatory genes would elicit production 
of "excess" H-Y antigen, given a single 
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